We report analysis of chemical durability of UK HLW MW+25% simulant glass under model hyperalkaline conditions of a colocated geological disposal facility. Glass powders and monoliths were dissolved for 168 days in saturated Ca(OH) 2 . Dissolution in the presence of high concentrations of Ca (>200 mg/L) was an order of magnitude lower than dissolution in water. Dissolution of Si did not occur until a Ca:Si ratio of <2 was achieved. The mechanism of dissolution involved the incorporation of Ca into the hydrated surface (initial, incubation regime), the precipitation of C-S-H phases, including a range of compositions in the C-(N)-(A)-S-H and M-S-H systems (intermediate regime), and the precipitation of C-S-H phases (the residual regime). Thermodynamic analysis and consideration of the CaO-SiO 2 -H 2 O phase diagram suggest that the rate-limiting step of glass dissolution in Ca-rich solutions is Ca-Si equilibrium, involving the precipitation of C-S-H phases, which change in chemical composition as a function of solution chemistry. In low SA/V ratio experiments, the dissolution progressed only to the initial incubation regime, resulting from fewer surface sites for Ca incorporation. Overall, these results suggest that Ca and Si in solution play an important role in the long-term durability of UK HLW in Ca-rich solutions.
Introduction
The current immobilization route for UK highlevel waste (HLW) is vitrification within a borosilicate glass blend, comprising a mixture of Magnox reactor waste (25%) and thermal oxide reprocessing (ThORP) waste (75%). Vitrification of HLW is performed using the AVH (Atelier de Vitrification de la Hague) process at the Sellafield site, United Kingdom, where it is stored for at least 50 years, awaiting final disposal. It is proposed that this waste will be disposed of in a deep geological disposal facility (GDF), comprising multiple layers of engineered protection, several hundreds of meters below the ground. 1 One of the suggested concepts for the future UK GDF is a colocated HLW and intermediate-level waste (ILW) geological repository. 1 release. In the ILW "zone," drums containing waste encapsulated in cement will be emplaced and backfilled with a cementitious grout. 2 Due to its high porosity and permeability, when water infiltrates the GDF, the cement grout will quickly become saturated with groundwater. As a result, Ca(OH) 2 in the grout will dissolve creating high-pH conditions (pH [10] [11] [12] , with the aim of limiting the solubility of radionuclide species and releasing high concentrations of Ca into the GDF groundwaters.
3 Because the flow of this Ca-rich, hyperalkaline water from the ILW "zone" to the HLW "zone" of the colocated repository cannot be precluded, it is important to understand the dissolution behavior of HLW glass under conditions that simulate this colocated repository, using a simplified model system.
A number of studies have considered the effect of high pH on the early dissolution of simulant high-level waste glasses of varying composition. In general, dissolution rates are found to be pH dependent, with significantly higher dissolution rates observed above pH 9. 4, 5 It has been suggested that enhanced dissolution is likely due to a breakdown of the silicate network. 6 These studies used hydroxides of sodium and potassium to buffer the pH to higher values, which are not expected to interact with dissolved glass components significantly during early stages of dissolution. Conversely, in the case of Ca(OH) 2 , it has been shown that Ca reacts with Si dissolved species, which may affect the dissolution mechanism and rate. Recent studies have assessed the dissolution of borosilicate glass in the presence of calcium-rich solutions. [7] [8] [9] [10] These authors observed the formation of a C-S-H gel on the surface of the glass and concluded that this "alteration layer" acted to passivate the dissolution of the glass. During the preparation of this manuscript, Mercardo-Depierre et al. 11 proposed that the durability of glass in saturated Ca solution was dependent on the silicon-calcium reactivity.
There is currently limited knowledge on the aqueous durability of UK HLW glass for use in the postclosure safety assessment of UK vitrified waste product, particularly in a colocated geological disposal concept. Furthermore, the focus of previous work has been on short time scales, typically <1 month. 12 UK HLW glasses have a higher Mg content than most other glasses developed internationally, which is known to have a significant effect on the dissolution rate and alteration products formed. 13 The aim of this study was to develop an understanding of the dissolution of UK HLW glass (MW+25%) in a colocated HLW and ILW geological disposal facility, using a model system. The effect of a high-pH, Ca(OH) 2 -saturated solution at 50°C (the predicted temperature of the GDF several thousand years after closure) is investigated over a period of 168 days using powdered, semi-static dissolution experiments. For comparison, the UK HLW glass powder was also dissolved in initially pure water. To investigate the effect of surface-area-to-volume ratio on the dissolution of UK HLW glass in saturated Ca(OH) 2 , monolith dissolution experiments were also conducted, including a preliminary analysis of the alteration layer formed. The observed dissolution is described in terms of thermodynamic equilibrium between Ca and Si, using geochemical modeling.
Experimental Procedure

Glass Preparation
The glass used in this study was prepared as a nonradioactive analog for a UK HLW glass MW+25%. 75 wt% borosilicate glass frit was mixed with 25 wt% simulated HLW calcine supplied by The National Nuclear Laboratory, United Kingdom. After mixing, the frit and calcine were melted in a mullite crucible at 1060°C (1 h) and subsequently stirred (mullite stirrer, 4 h) prior to casting into a preheated stainless steel mould. Annealing was performed at 500°C (1 h), and the glass was allowed to cool at 1°C/min to room temperature. The glass composition, determined by X-ray fluorescence, is given in Table I . The glass was crushed, sieved to 35-53 lm, and cleaned according to the PCT-B ASTM standard. 14 Glass monoliths were cut to dimensions of 10.5 9 10.5 9 4.5 mm (AE1 mm) for use in MCC-1 tests. 15 These were ground (SiC paper) and polished (3 lm diamond paste) to 10.0 9 10.0 9 4.0 mm (AE0.1 mm) and subsequently cleaned by repeatedly rinsing and cleaning in an ultrasonic bath in high-purity H 2 O and ethanol. Cleaned monoliths were dried at 90°C overnight.
Dissolution Experiments
Two solutions were prepared for the semi-static powder durability experiments: (i) nitrogen de-aerated (<1 ppm oxygen, measured using an electrochemical sensor), nonbuffered ultra-high-quality water (18 MO) solution; and (ii) nitrogen de-aerated (<1 ppm oxygen, as above), saturated Ca(OH) 2 solution (made using ultra-high-quality water). Because the solubility of Ca(OH) 2 decreases with increasing temperature, the saturated Ca(OH) 2 solution used was prepared at the experimental temperature to minimize the precipitation of solid Ca(OH) 2 . The pH of the solution was measured as pH 12.4 (corrected to 25°C), indicating that full saturation had been achieved. It is important to note that pH measurements were not corrected for the high ionic strength of the solution; therefore, the pH values reported in Ca(OH) 2 experiments are indicative, rather than absolute. All experiments were performed in a nitrogen-atmosphere glove box. Oxygen levels (as an assessment of any residual air content and thus indirectly CO 2 content, which may lead to the formation of calcium carbonate precipitates in solution) were measured to be less than 20 ppm. 400 mL of each solution was added to 500-mL HDPE vessels. In this volume, the surface-area-to-volume ratio for the powder was 10 000/m. This is a deviation from the standard PCT test, which recommends a surface-area-to-volume ratio of 2000/m.
14 This increase was made to enable glass performance to be investigated in the residual rate regime, by rapidly saturating the solution in dissolved elements. The glass powder was added to the solution, and the vessels were sealed and placed in an oven within the glove box at 50°C. Experiments were conducted in triplicate, with duplicate blanks containing no glass. 5-mL aliquots of solution were taken at 1, 3, 7, 14, 21, 28, 42, 56, 70, 84, 112, 140, and 168 days. Aqueous elemental concentrations, including Ca (reported in mg/L), were determined using ICP-OES and ICP-MS (Sheffield Assay Office), and the pH was measured. Monoliths were placed on a Teflon cradle in Teflon reaction vessels containing saturated Ca(OH) 2 and sampled as for the powder experiment. The surface-area-to-volume ratio was 10/m. The normalized mass loss of elements within the glass was calculated according to Eq. 1, where NL i is the normalized mass loss (g/m 2 ) value of element i, c i is the concentration (mg/L) of element i in the experimental solution, f i is the mass fraction (wt%/100) of element i found in the glass, and SA/V is the ratio (/m) between the surface area of the glass and the volume of solution used. The surface-area-to-volume ratio was corrected for evaporative losses at each sampling point.
The normalized dissolution rate, RL i (g/m 2 /day), was determined, according to Eq. 2, where t is the time in days:
Analysis of the experimental data was performed using the geochemical modeling software PHREEQC, 16 using the LLNL (Lawrence Livermore National Laboratory) database. Aqueous elemental concentrations and pH data from the experimental solutions were modeled to determine relative saturation indices of potential equilibrium phases.
Post Dissolution Sample Analysis
The monolith glass sample was removed from the experimental solution after 168 days, rinsed with UHQ water, and left to dry for 24 h at room temperature. Imaging was conducted using scanning electron microscopy (SEM) (JEOL 6400) operating at an accelerating voltage of 15-20 keV and a working distance of 15.0 AE 0.1 mm. The SEM was equipped with energy dispersive spectroscopy (EDS; Inca, Oxford, UK), which was used to perform line scans across the cross-sectioned monolith embedded in epoxy resin, in order to ascertain the final chemistry of any alteration layer formed. X-ray diffraction analysis was performed to identify any secondary phases on the surface of the monolith glass, as a function of time, using a Siemens D5000 diffractometer with a Cu Ka source; diffraction patterns were collected between 5 < 2h < 90°at 2°/min.
Results
UK HLW glass powder dissolution in water
The average pH of the solution in contact with the simulant UK HLW glass powder was pH 9.8 AE 0.1, compared with the blank pH of~6.1. These values were little changed over the duration of the experiment, indicating that the pH was quickly buffered to a stable value (Fig. 1a) . The normalized mass loss of boron (NL B ) is shown in Fig. 1b . Boron is a well-recognized soluble tracer element for network dissolution and is thought not to become incorporated into alteration products during glass alteration; hence, it may be used as an indication of forward glass dissolution rate. NL (B) data for all experimental conditions are shown in Table II . NL (B) occurred under two main dissolution regimes: an initial rapid rate was observed between 0 and 28 days, followed by a slower rate from 28 days until the end of the experiment at 168 days. Similar dissolution trends were also observed for NL (Li) (Fig. 1c) and NL (Na) (Fig. 1d) , although Na dissolution was greater than that for B and Li (Table II) ; however, this may be expected as a result of the alkali-rich nature of the glass (Table I) . Dissolution rates are shown in Table III . In the course of the experiment, the curves did not reach a plateau value, indicating that equilibrium or, in the case of glass, "quasi-equilibrium" was not achieved.
The normalized mass loss of silicon, NL (Si) , between 0 and 28 days was rapid (Fig. 1e) , at a rate of (3.32 AE 0.3) 9 10 À5 g/m 2 /day (Table III) . This dissolution behavior was followed by a decrease in the dissolution rate to (4.21 AE 0.4) 9 10 À7 g/m 2 /day until a steady state was achieved at NL (Si) of (9.94 AE 0.9) 9 10 À4 g/m 2 . This is indicative of silicon saturation in solution, likely a result of the high surfacearea-to-volume ratio of the glass powder employed in this study. The normalized mass loss of Mg and Al was significantly less than those observed for B, Li, Na, and Si (Figs1g and h, respectively). The NL (Mg) was measured at relatively high concentrations between 0 and 28 days with a maximum NL (Mg) value of (5.5 AE 0.4) 9 10 À5 g/m 2 . Subsequently, the NL (Mg) rapidly decreased to a constant value of (5.9 AE 1.1) 9 10 À6 g/m 2 until the end of the experiment. The NL (Al) was initially high, decreasing from 0 to 7 days to an approximately constant value of (8.8 AE 0.2) 9 10 À7 g/m 2 . The dissolution behavior of both Mg and Al is indicative of incorporation into a gel layer on the surface of the glass powders.
UK HLW glass powder dissolution in saturated Ca (OH) 2 The pH of the saturated Ca(OH) 2 solution containing UK HLW glass powder decreased rapidly from an initial value of pH 12.7 AE 0.1 to pH 10.5 AE 0.2 at 84 days, where it remained constant, as shown in Fig. 1a . This is in comparison with the blank saturated Ca(OH) 2 solution, which had a constant pH of 12.5 AE 0.3 for the duration of the experiment (Fig. 1a) . The pH of the solution was consistently higher than pH 11.5, indicating that Ca(OH) 2 precipitation from solution (due to carbonation) was minimized.
The normalized mass loss of B, Li, and Na is shown in Figs 1b-d. It is clear that the dissolution behavior of these elements in saturated Ca(OH) 2 was different to that observed in water. Firstly, lower NL (i) values and dissolution rates (Tables II and III) were observed, and secondly, the dissolution appeared to occur over three main dissolution regimes: from 0 to 28 days, 28 to 84 days, and 84 to 168 days. Tables II and III detail the NL (i) and RL (i) for each period, respectively. For B, the NL (i) was initially fast, with RL (B) of (5.92 AE 0.6) 9 10 À5 g/m 2 /day between 0 and 28 days. From 28 to 84 days, the dissolution rate decreased to (2.91 AE 0.3) 9 10 À5 g/m 2 /day and decreased further from 84 to 168 days (RL (B) = (1.37 AE 0.1) 9 10 À5 g/m 2 /day). The data suggest that "quasi-equilibrium" was achieved, but further data are required to confirm this.
The NL (Si) is shown in Fig. 1e . Initially, Si was not detectable in solution. At 28 days, it was possible to measure Si, giving NL (Si) of (3.14 AE 0.3) 9 10 À5 g/m 2 (Table II) . After this initial "incubation" regime, dissolution of silicon proceeded rapidly between 28 and 84 days. Between 84 and 168 days, the dissolution rate decreased to (4.47 AE 0.5) 9 10 À6 g/m 2 /day, where an apparently constant NL (Si) of (8.16 AE 0.8) 9 10 À4 g/m 2 was attained. This dissolution behavior is in contrast to that observed for glass powder dissolved in water, which demonstrated a rapid increase between 0 and 28 days followed by a constant NL (Si) until the end of the experiment (Fig. 1e ). These data suggest that the presence of Ca(OH) 2 in solution directly affected the NL (Si) . The concentration of Ca remained approximately constant in the blank Ca(OH) 2 solution at 770 AE 68 mg/L, as shown in Fig. 1f . Conversely, for the Ca(OH) 2 solution in contact with UK HLW glass powder, the Ca concentration rapidly decreased from a starting value of 770 mg/L at 0 days to 200 mg/L at 28 days. Concentrations continued to decrease between 28 and 84 days at a much slower rate (to~80 mg/L), and finally, after 84 days, a constant Ca concentration of 65 AE 10 mg/L was observed. These changes in Ca removal from solution are concurrent with the decrease in pH (Fig. 1a) , which was also constant at 84 days and beyond. Figs 1g and h show the evolution of NL (Mg) and NL (Al) , respectively. In contrast to the NL (Mg) observed for UK HLW dissolved in water, it was not always possible to detect Mg in solution. The only detectable concentrations occurred at 28 and 42 days, giving NL (Mg) of 10 À7 m 2 /g. Interestingly, the NL (Al) was observed to rapidly increase in solution, reaching a maximum value of (4.36 AE 0.2) 9 10 À5 g/m 2 between 14 and 28 days. After this time, the NL (Al) slowly decreased to a value of (1.55 AE 0.1) 9 10 À6 g/m 2 at 168 days. This is in contrast to the behavior observed in water only, where the NL (Al) was constantly at low values.
Geochemical modeling of the experimental solution resulting from UK HLW glass powder dissolution in saturated Ca(OH) 2 was conducted using PHRE-EQC. Saturation indices of phases shown to be typically relevant to glass dissolution at high pH 4,17 and those containing Ca are shown in Fig. 2a , as a function of the three apparent regimes of dissolution. Also included were Si phases containing Al and Mg, as a result of the distinctive normalized mass loss of these elements (Figs. 1g-h) 21 which can incorporate Ca (C), Al (A), Na (N), and/or Mg (M) in a variety of combinations and wide range of compositions, for example Ca-Al-silicate hydrate or C-A-S-H. Ca(OH) 2 saturation was also modeled.
Between 0 and 28 days, Ca(OH) 2 was saturated in solution. The Mg-bearing silicate phase sepiolite was also saturated, indicating that it was thermodynamically possible for M-S-H phases to precipitate from solution during this time. All other phases were undersaturated, suggesting that C-(N)-A-S-H precipitation was not a major process governing the dissolution behavior during this phase. Between 28 and 84 days, Ca(OH) 2 became undersaturated, concurrent with the Ca concentration decrease (Fig. 1f) . In addition to sepiolite saturation, tobermorite became saturated, suggesting the likely precipitation of C-S-H phases during this dissolution regime. Between 84 and 168 days, C-(N)-A-S-H phases became saturated in solution (e.g. phillipsite-Ca and analcime). This behavior is indicative of Si saturation in solution. The changing composition of C-S-H phases with dissolution time can be expressed by the Ca-to-Si ratio in solution. Figure 2b shows that during the first phase of dissolution, only C-S-H phases with a Ca:Si ratio of >1 were likely to precipitate from solution (e.g. xonotolite, foshagite, and jennite). In the second and third phases of dissolution, C-S-H phases with a Ca:Si ratio of <1 were favored to precipitate (okenite, tobermorite, xonotolite, and foshagite), with the lower Ca:Si C-S-H species showing a greater propensity for saturation in the third phase of dissolution.
This change in C-S-H composition as a function of dissolution time is confirmed when the Ca and Si concentration data are plotted on a CaO-SiO 2 -H 2 O phase diagram, 22 as shown in Fig. 3 . At 21 and 28 days (at the beginning of the second regime of dissolution), the data plot on the C-S-H(I) metastable solubility curve, where C-S-H(I) corresponds to noncrystalline C-S-H phases with a Ca:Si ratio >1.5. Between days 42 and 84, the data gradually shift towards the C-S-H(II) solubility curve, where C-S-H (II) corresponds to crystalline C-S-H phases with a Ca: Si ratio between 0.5 and 1. It is likely that solution compositions that plot between these fields would give rise to precipitates of C-S-H-(I). Data from day 140 and 168 plot near the junction between the C-S-H + H 2 O and SiO 2 (H 2 O) x + H 2 O stability fields (data not shown), suggesting that the solution was close to Si saturation. It should be noted that this diagram is relevant to the CaO-SiO 2 -H 2 O system at 25°C, not at 50°C as in the current study; therefore, Si saturation cannot be confirmed without further data.
UK HLW glass monolith dissolution in saturated Ca (OH) 2
To investigate the dissolution of UK HLW glass at surface-area-to-volume ratios more relevant to the conditions likely to be encountered in a GDF, monolith samples with a surface-area-to-volume ratio of 10/m were used. The pH closely resembled that of the Ca(OH) 2 blank (Fig. 1a) , which was approximately constant at pH 12.5 AE 0.3 for the 168-day duration of the experiment. Only the soluble glass-forming elements, B, Li, and Na, were detectable in solution.
The normalized mass loss of these elements was higher than for the powdered glass experiments (Fig. 4a , Table II) , due to solution saturation effects in the powder experiments, resulting from the high surface-area-to-volume ratio. In contrast to the glass powder experiments, the dissolution of these elements was observed to proceed via a two-step process. Between 0 and 70 days, the dissolution rate was relatively rapid, as shown in Fig. 4a and Table III 
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Analysis of the monolith sample by powder XRD revealed the presence of an M-S-H phase (sepiolite Mg 4 Si 6 O 15 (OH) 2 Á6H 2 O, card 13-595) on the surface of the glass, which appeared after 3 days of dissolution (Fig. 5a ). Also present at the surface were small (~10 lm) acicular crystallites and rounded particles~1 lm in size (SEM inset, Fig. 5a ). XRD and SEM/EDS analysis indicated that the rounded particles may be un-dissolved or precipitated Ca(OH) 2 ; the acicular RuO 2 crystallites were present in the as-prepared glass. In addition, large areas (>250 lm) comprised of a phase rich in Ca and Si, with no distinct crystalline texture, were observed after 3 days (Fig. 5b, EDS analysis not shown) . After 168 days, the distribution of these phases was increased, and they had increased in size (up to~400 lm, Fig. 5c ). Figure 6 shows a back scatter electron (BSE) crosssection image of the glass monolith reacted for 168 days embedded in epoxy resin. Between the light (glass) and black (epoxy) areas, there is a two-component zone of material of intermediate BSE intensity. The first is~3 lm in thickness immediately adjacent to the glass, rich in Si, which appears separated due to dehydration during drying of the sample. Immediately adjacent to the Si-rich layer, there is an area~60 lm thick containing large precipitated phases. An EDS line scan taken across the second region of the altered zone indicated that where high intensities of Ca occurred, there were also increased intensities of Si, Mg, and Al, providing an indication that C-(A)-S-H and M-S-H phases may be forming a layer on the surface of the glass as a result of dissolution. 
Discussion
Glass alteration mechanism in the presence of water Dissolution of high surface-area-to-volume ratio UK HLW glass powder in water indicated that dissolution proceeded with an initial fast rate, which progressively decreased with time. Between 0 to 28 days, Li and Na were released at a rapid rate, corresponding to well-known processes of interdiffusion (ion-exchange) and hydrolysis, replacing alkali ions in the glass by hydronium (H 3 O + ). Dissolution was shown to be incongruent, due to the preferential release of Na over Li and B; Na and Li are loosely bound network modifiers, while B is a strong network former; hence, less energy may be required to break Na and Li bonds. Si was rapidly released during this time, reaching a maximum at 28 days.
A second regime was shown to occur between 28 and 168 days. During this regime, the dissolution rate of the glass, as determined by the release of B, Li, and Na, decreased by approximately one order of magnitude. In such a closed system, continuous ion exchange and hydrolysis can lead to increasing elemental concentrations with time, such that certain elements, particularly Si, reach solution saturation. When this occurs, glass network recondensation can be observed, where Si recondenses to form a gel layer on the surface of the glass. It has been suggested by others 23 that silica saturation is a prerequisite for this rate drop regime. The normalized mass loss data observed in this study show such a connection and indicate that when the normalized mass loss of silica in solution increases and becomes constant, the rate of glass dissolution decelerates, at 28 days. Without further analysis of the surface of the glass (precluded by the use of fine powders), we are not yet able to confirm the formation of an alteration layer; but based on the comparison of this behavior with other glass formulations (e.g. SON68 18 ), we hypothesize that its formation is likely. The data in this study are consistent with a rate decrease mechanism involving either diffusion control from the protective alteration layer (i.e. kinetic effects) or solution saturation (i.e. thermodynamic effects). Although the surface area of glass used in these experiments was high (10 000/m), "quasi-equilibrium" was not observed after 168 days, however it appeared that the release of glass elements was approaching a residual rate by the end of the experiment. These data confirm that UK. HLW MW+25% blend glass dissolution in water proceeds via a general mechanism agreed widely in the literature 18 and give the first insight into the long-term dissolution behavior of this glass. Further work is currently underway to ascertain the composition of a possible alteration layer and its effect on dissolution.
Glass Alteration in the Presence of Ca
This study provides the first detailed analysis of the durability of UK HLW glass under conditions potentially relevant to a colocated GDF. The experiments and data detailed here suggest that Ca in solution has a complex effect on the dissolution of UK HLW glass. Overall, the effect is to reduce the dissolution rate by an order of magnitude, compared with dissolution in water. Such effects seem remarkably different depending on the surface-area-to-volume ratio employed, and data suggest that they are intrinsically linked to the concentration of Ca in solution. This conclusion is in agreement with the recent work of several authors, 7,9,10 including MercadoDepierre et al.
11 who proposed that three key parameters control the behavior of glass dissolution in the presence of Ca: the pH, the surface-area-to-volume ratio (or whether long-term or short-term dissolution is being investigated), and the calcium concentration. It is clear from the results presented here that these parameters are key influences on dissolution; however, we propose that the primary control on glass dissolution in saturated Ca(OH) 2 solution is equilibrium thermodynamics (or rather, in the case of glass, which cannot attain true equilibrium, quasi-equilibrium thermodynamics), which includes the solubility of the aqueous phase (dissolved Ca and Si) and the solid phase (C-S-H). This is discussed below with reference to three distinct regimes of dissolution that were identified during the dissolution of UK HLW powder in Ca(OH) 2 . These are summarized in Fig. 7 and are: i) the initial or incubation regime, from 0 to 28 days; ii) the intermediate regime, from 28 to 84 days; and iii) the "residual" regime, from 84 days until the end of the experiment at 168 days.
Initial "incubation" regime: Between 0 and 28 days, there was a rapid release of B, Li, Na, and Al into solution. This is concurrent with interdiffusion processes, resulting in an alkali-depleted, silicon-rich zone at the glass surface. Hydrolysis of the glass leads to the rupture of Si bridging bonds, leading to the release of orthosilicic acid, H 4 SiO 4 , according to
Geochemical modeling of the experimental solution indicated that M-S-H phases, formed from orthosilicic acid released during hydrolysis, may precipitate in the initial "incubation" regime, accounting for the retarded release of Si (hence the term "incubation regime"). The NL (Mg) remained very low, suggesting that Mg concentration was controlled by the precipitation of secondary phases. Furthermore, XRD analysis of UK HLW glass monoliths found that a crystalline M-S-H phase was precipitated after 3 days of dissolution. This indicates that any Si released into solution during the initial dissolution regime may react with dissolved ions, likely Mg in this experiment.
As a result of the initial release of orthosilicic acid (Eq. 3-5), the solution pH decreased. In the presence of Ca, a further decrease in the pH was concurrent with Ca consumption, as shown in Fig. 1a and f, and its incorporation within a hydrated amorphous silicate layer according to Eqn 6 is observed 8 (Fig. 5b,c) :
Hence, Ca reacts with silica at the surface, possibly through Ca-ion penetration to the hydrated glass, forming discrete patches of C-S-H. The accumulation of such phases does not seem to impede the release or diffusion of species into solution, at least up until 28 days. This is in agreement with Cailleteau et al. 24 who showed that the presence of Ca impedes the re-condensation of Si at the glass surface.
In the simplified system CaO-SiO 2 -H 2 O (Fig. 3) , the concentrations of Si and Ca in the aqueous phase are coupled to the precipitation of C-S-H phases by equilibrium thermodynamics, such that when aqueous concentrations of Ca are high, those of Si are low and vice versa. 25 The glass must dissolve to maintain quasiequilibrium conditions. As a result, Ca is absorbed into the altered glass surface and C-S-H is precipitated. 22 In accordance with this thermodynamic analysis, during the first 28 days of dissolution in the current study, the solution was saturated with respect to Ca(OH) 2 (Fig. 2a) . Interestingly, the NL (Al) was observed to continuously increase in solution during this regime, suggesting that it is not thermodynamically favorable to form C-A-S-H over M-S-H in the presence of Ca under these conditions.
Intermediate regime: Between 28 and 84 days, the dissolution rate of glass, as indexed by the release of B, Li, and Na, continued but at a slower rate than during the initial regime (by a factor of 2 for B and Li, and a factor of 1.5 for Na). During this regime, the solution became undersaturated with respect to Ca(OH) 2 ( Fig. 2a) , Ca concentration decreased from~200 mg/L at 28 days to~80 mg/L (with a corresponding decrease in pH, Figs. 1a-f) and to maintain near-equilibrium conditions, Si was observed to rapidly dissolve into solution (Fig. 1e) .
Previous thermodynamic investigations of the CaO-SiO 2 -H 2 O system have shown that Si release into solution is restricted to Ca:Si ratios between 0.05 and 1.2 25 , which correspond to solution concentrations of Ca between~25 and~100 mg/L. Similarly, in the current study, the release of Si to solution was observed when the solution concentration of Ca decreased below 200 mg/L. Chave et al. 8 investigated the effect of initial Ca concentration on the dissolution of a simplified French reference nuclear glass and found, in agreement with the above hypothesis, that a C-S-H alteration phase on the surface of the glass was only formed when Ca solution concentrations were less than 100 mg/L and that the thickness of the alteration layer increased with decreasing Ca concentration below this value, at 50 and 5 mg/L. Utton et al.
9 also report the occurrence of an incubation regime in the dissolution of UK intermediate-level waste glass in Ca-saturated solution. This was observed between 0 and 7 days for experiments conducted at 90°C, and between 0 and 21 days for experiments at 50°C. In both instances, Si was not detected in solution until Ca concentrations were below 200 mg/L. The results presented here, and those of others, suggest that the release of significant quantities of Si only occur when the Ca:Si ratio in solution is within a tightly bound limit. Indeed, when the solution data for this regime are plotted on a CaO-SiO 2 -H 2 O stability diagram (Fig. 3) , they fall in the stability field for C-S-H + Ca(OH) 2 + H 2 O where phases with a Ca:Si ratio between 0.5 and 1.5 are expected to form, gradually becoming more Si-rich with time.
Because NL (Si) was observed to rapidly increase in solution during this regime, it can be suggested that a passive reactive barrier to dissolution is not formed by the C-S-H phases. The rate decrease shown by B, Li, and Na is therefore likely to result from conditions approaching solution saturation, that is, approach to thermodynamic "quasi"-equilibrium. Because the RL (Na) decreased more than for B and Li and the solution concentration of Al was shown to decrease (Fig. 1h) , more complex silicate hydrates may form, involving Na and Al when Si is dissolved from the Ca-bridging species (Fig. 6 ):
Geochemical modeling suggested that during this dissolution period zeolitic C- (N) Residual regime: After 84 days, and until the end of the experiment at 168 days, the normalized dissolution rate of B, Li, and Na decreased further (by a factor of 2.5 for B and Li compared with the intermediate regime, and a factor of 3 for Na), and the RL (Si) decreased by a factor of 1.6. This is concurrent with the onset of approximately constant pH (pH 10.5 AE 0.2) and Ca concentration (~65 AE 10 mg/L) conditions. The solution Ca and Si data plot on the C-S-H(II) metastable solubility line on the CaO-SiO 2 -H 2 O solubility diagram (Fig. 3) . This line separates the stability fields of C-S-H + Ca(OH) 2 from C-S-H + H 2 O, indicating that Ca (and hence Si) quasi-equilibrium is achieved. Geochemical modeling of the experimental solution shows that phases with a Ca:Si ratio <1 are likely to form and shows there is an increasing propensity to form C-S-H phases with lower Ca:Si ratios (Fig. 2b) . It is not clear whether C-S-Htype precipitates passivate the dissolution of elements from the glass surface in this regime or whether solution saturation is the controlling factor for the dissolution rate. Further work is required to elucidate this behaviour based upon the insight gained from geochemical modelling. Investigations are currently underway to fully identify the C-S-H phases that form during dissolution.
Surface Area to Volume Effects on Dissolution in the Presence of Ca
At low surface-area-to-volume ratios, such as those that occur when using a monolith sample, the dissolution behavior is different to that described above for high surface-area-to-volume ratios. The results described here suggest that dissolution occurs in a two-step process, with an initial regime between 0 and 70 days and an intermediate regime, between 70 and 168 days. Between 140 and 168 days, the NL (i) of B, Li, and Na appear to become constant; however, further data are required to confirm whether the system reached steady-state dissolution. The two main regimes are marked by a change in the dissolution rate of B, Li, and Na, from high values in the initial regime to lower values in the intermediate regime (Fig. 4a, Table III) , and also by a change in the Ca concentration (Fig. 4b) . In the initial regime, the Ca concentration decreased to 680 mg/L, and in the intermediate regime, it was constant at 690 AE 5 mg/L. For the duration of the experiment, the pH remained constant at pH 12.5 AE 0.3. Notably, it was not possible to detect significant quantities of Si in solution (Fig. 4a) .
Considering the hypothesis that the rate-limiting step of dissolution in Ca-rich solution is the equilibrium of Ca and Si, it is clear that in this system the solution is saturated with respect to Ca(OH) 2 for the duration of the experiment; thus, it is not thermodynamically favorable for Si to be released into solution. Accordingly, the main process likely to occur during this regime is the incorporation of Ca onto the hydrated glass surface (Eqn. 5), thus the dissolution is still in the initial "incubation" regime. The low surfacearea-to-volume ratio results in fewer sites for Ca incorporation compared with high surface-area-to-volume ratios; thus, the Ca concentration becomes constant at high concentrations (680 mg/L, compared with 65 AE 10 mg/L for high SA/V), inhibiting dissolution of Si and formation of C-S-H phases. This may explain why Mercado-Depierre et al. 11 did not observe an incubation regime in their dissolution of glass in Ca-rich solution -a SA/V ratio of 20 000/m was utilized, such that Ca removal from solution occurred rapidly due to the higher number of accommodating surface sites, and thus, Ca-Si "quasi"-equilibrium was attained on more rapid timescales. It may be hypothesized that should this low surface-area-to-volume ratio system be given more time to react the same dissolution processes as observed for high surface-area-to-volume ratios may occur.
After 168 days of dissolution, a preliminary analysis of the alteration layer on the monolith surface was made. Patches of amorphous material containing Ca and Si were observed on the surface after 3 days, which increased in size by 168 days (Fig. 5b-c) but did not fully cover the surface. Precipitates of Mg-silicate were also identified, as were RuO 2 crystallites originally present in the glass. ~0.9 lm after 60 days of dissolution in solution Ca concentrations of 5 mg/L). 8 It is interesting that the high Ca concentrations found in the current experiments lead to the formation of such a thick alteration layer. It is not clear whether this layer inhibits ion exchange between the glass and the solution, and although the dissolution rate of B, Li, and Na decreases with time, the effect of thermodynamic processes, that is, solution saturation, cannot be ruled out. To our knowledge, the current study and that of Chave et al. 8 are unique in describing the formation of such an alteration layer in nuclear waste glasses; therefore, further work is underway to fully investigate this phenomenon.
Conclusion
The first detailed experiments on the dissolution of UK HLW MW+25 glass in Ca-saturated solution were conducted to understand the possible effects on glass alteration in a colocated geological disposal facility. Our findings suggest that dissolution in the presence of high concentrations of Ca (>200 mg/L) is an order of magnitude lower than dissolution in pure water. The rate-limiting step of dissolution of glass in Ca-rich solutions has been shown to be Ca-Si "quasi"-equilibrium, involving the precipitation of C-S-H phases. Considering the disposal of HLW glass in a colocated repository with a cementitious backfill, where the SA/V ratio will be very low, this suggests that dissolution is likely to be lower than a repository that does not use a Ca-rich backfill. However, it remains to be seen whether Si derived from cement backfill will adversely influence the dissolution of HLW glass. C-S-H phases in cement have been shown to strongly sorb radionuclide species, 27, 28 and it has been found that the Ca:Si ratio of these phases affect the extent of sorption. Further work is required to elucidate the C-S-H phases that form in these environments and in the alteration layer and their capacity for (i) inhibiting dissolution and (ii) incorporating radionuclide species from the glass.
This study demonstrates the complexity of potential interactions between glass and the hyperalkaline plume arising from the ILW zone of a colocated ILW/ HLW geological disposal facility. Further work is required to fully elucidate the relevant glass alteration mechanisms to appraise the feasibility of such a colocated concept.
